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Vesicular stomatitis virus (VSV) and rabies and Chandipura viruses belong to the Rhabdovirus family. VSV is a common laboratory virus to study viral evolution and host immune responses to viral infection, and recombinant VSV-based vectors have been widely used for viral oncolysis, vaccination, and gene therapy. Although the tropism of VSV is broad, and its envelope glycoprotein G is often used for pseudotyping other viruses, the host cellular components involved in VSV infection remain unclear.
Here, we demonstrate that the host protein leucine-rich repeat-containing G protein-coupled receptor 4 (Lgr4) is essential for VSV and VSV-G pseudotyped lentivirus (VSVG-LV) to infect susceptible cells. Accordingly, Lgr4-deficient mice had dramatically decreased VSV levels in the olfactory bulb. Furthermore, Lgr4 knockdown in RAW 264.7 cells also significantly suppressed VSV infection, and Lgr4 overexpression in RAW 264. 7 
cells enhanced VSV infection. Interestingly, only VSV infection relied on Lgr4, whereas infections with Newcastle disease virus, influenza A virus (A/WSN/33), and herpes simplex virus were unaffected by Lgr4 status. Of note, assays of virus entry, cell ELISA, immunoprecipitation, and surface plasmon resonance indicated that VSV bound susceptible cells via the Lgr4 extracellular domain. Pretreating cells with an Lgr4 antibody, soluble LGR4 extracellular domain, or R-spondin 1 blocked VSV infection by competitively inhibiting VSV binding to Lgr4. Taken together, the identification of Lgr4 as a VSV-specific host factor provides important insights into understanding VSV entry and its pathogenesis and lays the foundation for VSV-based gene therapy and viral oncolytic therapeutics.
The Rhabdovirus family includes vesicular stomatitis virus (VSV) 4 as well as significant human pathogens like rabies virus and Chandipura virus (1) . As a common laboratory virus used to study the properties of rhabdoviridae viruses, viral evolution, and host immune responses to virus, VSV has been extensively studied and characterized (2, 3) . In common with the other members of the Rhabdovirus family, the entry of VSV is facilitated exclusively by the envelope glycoprotein G (VSV-G), which is widely used for pseudotyping other viruses (4 -6) . These VSV-G-pseudotyped vectors are currently used in effective gene therapy protocols for many human tissues (7, 8) . Furthermore, native or engineered forms of VSV can also be used in preclinical models of malignant glioma, melanoma, hepatocellular carcinoma, breast adenocarcinoma, prostate cancer, osteosarcoma, and others (9 -11) . In addition, VSV-based vaccination has been used for tumor antigens and a range of pathogens such as Ebola and HIV (12, 13) .
Glycoprotein G plays a critical role during the initial steps of the infectious cycle through binding with specific receptors and then mediating viral and endosomal membrane fusion (14) . The attachment of VSV to the cell surface was initially thought to be facilitated by interacting with the lipid phosphatidylserine (15) . Meanwhile, the majority of VSV particles were endocytosed in a clathrin-based, dynamin-2-dependent manner (16, 17) . Studies have suggested that the endoplasmic reticulum chaperone gp96 is also essential for VSV infection (18) . Subsequently, low density lipoprotein receptor (LDLR) and its family members were proposed to be cell surface receptors for VSV (19, 20) , although additional receptors must exist to account for VSV infection of insect cells which lack LDLR.
As the largest cell membrane receptor family, more than 1000 members of the human genome were identified as G-protein coupled receptors (GPCRs), which play an irreplaceable role in signal recognition and transduction (21) . Interestingly, more and more GPCRs were found to be involved in facilitating viral propagation and thereby contributing to viral pathogenesis. For example, CXC-chemokine receptor-4 (CXCR4) and CC-chemokine receptor-5 (CCR5) are the most famous cellfusion cofactors for HIV infection (22, 23) . Furthermore, many members of the herpesvirus family hijack GPCRs and associated signaling from their cellular host through encoding viral GPCRs (24) . Indeed, some antagonists to histamine receptors, 5-hydroxytryptamine (serotonin) receptors, muscarinic acetylcholine receptor, and adrenergic receptor can effectively block replication of both infectious Ebola virus and Marburg virus, and newly developed CCR5 and CXCR4 antagonists have already shown clinical promise as HIV-entry inhibitors, indicating a broad antiviral activity of the GPCR antagonists (25) .
Lgr4, also known as Gpr48 (G-protein-coupled receptor 48), is a member of the glycoprotein hormone receptor subfamily. The extracellular domain (ECD) of LGR4 exhibits a twisted horseshoe-like structure composed of 17 leucine-rich repeats at the N-terminal domain, which has been recognized as the binding site for R-spondins, ligands that enhance Wnt/␤catenin signaling (26 -28) . Curiously, almost all Toll-like receptors (TLRs) and Nod-like receptors have a domain consisting of multiple leucine-rich repeats, which is believed to be involved in ligand binding. Similar structural patterns suggested a potential role of Lgr4 in innate immune responses. Our previous study has shown that Lgr4 negatively regulates TLR2/4-associated pattern recognition and innate immunity (29) . Meanwhile, Lgr4 is also involved in the regulation of tumor growth (30, 31) , organ development (32) (33) (34) (35) , and stem cell functions (36) , but Lgr4 function in virus infection has not been previously reported. Here, we demonstrate that Lgr4 serves as a VSV-specific entry factor through binding with viral glycoprotein. Consequently, VSV infection could be restrained by pretreating cells with Lgr4 antibody, soluble LGR4 ECD, and R-spondin 1 suggesting the great potential of Lgr4 as a promising antiviral drug target for VSV infection.
Results

Lgr4 facilities VSV infection both in vivo and in vitro
To investigate the significance of Lgr4 in viral infection, we intranasally infected Lgr4 ϩ/ϩ and Lgr4 Ϫ/Ϫ mice with VSV (1 ϫ 10 6 pfu) for 24 h. As shown in Fig. 1A , the distribution of VSV in Lgr4-deficient olfactory bulbs was reduced significantly compared with wild-type mice through intranasal infection. It suggested that Lgr4 plays a nonredundant role in the VSV infection mouse model. To further determine whether Lgr4 mediated VSV infection of host cells, we challenged mouse embryonic fibroblast (MEF) and RAW 264.7 cells with VSV in a dose-dependent manner to induce cell death and cytopathic effects.
VSV-induced cell death ( Fig. 1B ) was significantly reduced in Lgr4-deficient MEF cells compared with wild-type cells. We observed similar results following Lgr4 knockdown in mouse macrophage-like RAW 264.7 cells (Fig. 1C ). To confirm whether Lgr4 enhances VSV infection, we measured cell-associated VSV by quantitative RT-PCR of VSV RNA. Accordingly, the VSV RNA level was also significantly inhibited in Lgr4deficient ( Fig. 1D ) and Lgr4-knockdown ( Fig. 1E ) cells. On the contrary, the VSV RNA level was increased dramatically when we overexpressed LGR4 in RAW 264.7 cells (Fig. 1F ). The RNA and protein expression of Lgr4 on both knockdown and overexpression cells are shown in Fig. 1 , G and H, respectively. Therefore, Lgr4 plays an important role in rendering mice and cells susceptible to VSV infection.
Lgr4-mediated VSV infection is dispensable for antiviral innate immune responses
To explore the role of Lgr4 in antiviral immunity, we detected the expression of type I interferon and phagocytosis in Lgr4-deficient and Lgr4-knockdown cells. As shown in Fig. 2 , A and B, the expression of Lgr4 is little changed following VSV infection suggesting that Lgr4 is not a virus-induced or IFNinduced gene. Furthermore, the interferon response was intact in Lgr4-deficient peritoneal macrophages exposed to poly(I:C) ( Fig. 2C ). However, the VSV-induced expression of IFN-␤ was dramatically reduced in Lgr4-deficient ( Fig. 2D ) or Lgr4-knockdown ( Fig. 2E ) cells, which is consistent with decreased intracellular VSV in these cells. To further examine whether Lgr4 signaling might directly potentiate IFN production, we activated peritoneal macrophages with R-spondin 1 (an endogenous ligand to Lgr4). As shown in Fig. 2F , the RNA expression of IFN-␤ was little changed by R-spondin 1 in both VSV-infected or uninfected cells, suggesting a negligible role of Lgr4 in IFN production. Macrophage-mediated endocytosis of particles was also little changed in Lgr4 knockdown cells ( Fig. 2G ). Furthermore, we also examined the expression of a known VSV receptor, Ldlr. The expression of Ldlr was little changed in Lgr4 Ϫ/Ϫ MEFs (Fig. 2H ). Taken together, these results indicate that Lgr4 facilitated VSV infectivity but is dispensable for innate antiviral immune responses and Ldlr expression.
Lgr4-mediated virus infection is dependent on VSV-G
Binding and internalization into host cells are the initial steps in virus infection. To investigate the specificity of the role of Lgr4 in virus infection, we challenged wild-type and Lgr4-deficient peritoneal macrophages with different kinds of virus such as influenza virus (A/WSN/33, ssRNA virus), Newcastle disease virus (NDV, ssRNA virus), and Herpes simplex virus (HSV-1, dsDNA virus). To our surprise, only VSV infection was reduced in Lgr4-deficient cells; infection with WSN, NDV, and HSV-1 were all unaffected by Lgr4 ( Fig. 3A ). We also used fluorescence microscopy and FACS to detect NDV infection in Lgr4 wildtype and knock-out MEF cells. No significant difference in NDV infection was observed due to loss of Lgr4 ( Fig. 3B ). As a commonly used envelope protein in pseudotyped lentivirus, VSV-G is widely used in packaging lentivirus to infect a broad array of species and cell types. To examine Lgr4 specificity in viral vector tropism, we packaged lentivirus with either VSV-G (VSVG-LV) or MLV Env-glycoproteins (MLV-LV), which differs from VSVG-LV only in its coat protein, to infect MEFs. Then we transduced VSVG-LV and MLV-LV into Lgr4 ϩ/ϩ and Lgr4 Ϫ/Ϫ MEFs. As shown in Fig. 3C , only VSVG-LV transduced GFP expression was reduced in Lgr4-deficient MEF cells. In contrast, the GFP fluorescence intensity induced by MLV-LV was changed little. VSVG-LV fluorescence intensity was also decreased in Lgr4-knockdown RAW 264.7 cells ( Fig. 3D ). Fur-thermore, overexpression of Lgr4 in RAW 264.7 cells significantly increased the GFP fluorescence intensity (Fig. 3E ). These data confirmed that Lgr4 specifically increased VSV-G-mediated infection.
VSV entry is decreased in Lgr4-deficient cells
To explore the stage of VSV infection influenced by Lgr4, we infected wild-type and Lgr4-deficient peritoneal macrophages Similarly, although VSV RNA in peritoneal macrophages increased as m.o.i. was raised, the viral load in Lgr4-deficient cells was obviously lower than that of wild-type cells at any given dose ( Fig. 4B ). To further confirm that the entry of VSV was influenced by Lgr4, we challenged wild-type and Lgr4deficient MEF cells with VSV for a very short time and the attached virus was detected by immunofluorescence. Compared with wild-type MEF cells, Lgr4-deficient MEF cells internalized significantly less VSV at both 0.5 and 1 h ( Fig. 4C ).
Following receptor binding, most incoming VSV were present in pits and vesicles with electron-dense coats, implying a dominant role for clathrin-mediated endocytosis (37) . Because Lgr4 loss did not affect NDV/HSV/WSN infection ( Fig. 3A ), Lgr4 is unlikely to play a role in global endocytosis; however, to examine whether it may function specifically in VSV endocytosis, we tested whether Lgr4 deficiency affects VSV infection in cells with impaired endocytosis. It has been shown that Pitstop2 specifically inhibits the association between the terminal domain of clathrin and amphiphysin (38) . So we used Pitstop2 to inhibit clathrin-mediated endocytosis in VSV infection to explore the role of Lgr4 in VSV endocytosis. Consistent with a previous 
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study (39) , we found that VSV infection in MEFs was significantly inhibited by Pitstop2 ( Fig. 4D ). Furthermore, because Lgr4 deficiency significantly reduced VSV infection even in MEFs where endocytosis was blocked by Pitstop2 treatment, it is likely that Lgr4 functions at a different stage of VSV infection than endocytosis. Taken together, these results implied that Lgr4 has a major role in very early stages of VSV infection, such as viral attachment.
VSV binds host cells through the extracellular domain of Lgr4
To illustrate the potential interactions between Lgr4 and VSV, cell ELISA was performed to detect the VSV attachment to Lgr4 wild-type and deficient cells. As shown in Fig. 5A , the attachment of VSV on the cell membrane was reduced in Lgr4deficient cells, which is consistent with our previous data. To determine whether Lgr4 and VSV-G are associated in a complex, we expressed FLAG-tagged LGR4 extracellular domain (LGR4-ECD-FLAG) and GFP-tagged VSV-G extracellular domain (VSVG-ECD-GFP) in 293T cells. Immunoprecipitation with anti-FLAG mAb revealed that LGR4 ECD was in a complex with VSV-G ( Fig. 5B ). Likewise, purified LGR4-ECD-His (purified from Drosophila Schneider2 (S2) cell supernatant) could bind specifically to VSV but not NDV in vitro (Fig. 5C ). Furthermore, we immobilized either VSV-G or MLV Env-glycoprotein pseudotyped virus on Biacore sensor chips and analyzed their binding with LGR4-ECD-His, respectively. As 
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shown in Fig. 5D , VSVG-LV bound to LGR4 ECD in a dosedependent manner (K D ϭ 6.905 ϫ 10 Ϫ8 M). However, MLV-LV did not bind with LGR4-ECD-His even at 714 nM. When we immobilized LGR4 ECD-His to a Biacore sensor chip and analyzed the binding with VSV, the LGR4 ECD-His bound to VSV in a dose-dependent manner as well (Fig. 5E ). Thus, these data further confirmed the interaction between Lgr4 and VSV-G.
Cells were protected from VSV infection by blocking endogenous Lgr4
To further confirm that VSV infects cells through binding Lgr4, we examined whether the binding of VSV to host cells was blocked by soluble LGR4 ECD, Lgr4 ligand Rspodin1, and an Lgr4-specific antibody. We used NDV as a control virus. Pre-treating VSV and NDV with soluble LGR4 ECD decreased VSV infection in a dose-dependent manner, but had no effect on NDV (Fig. 6A ). When we pretreated the cells with Rspodin1 to bind with endogenous Lgr4, only VSV infection was reduced in a dose-dependent manner (Fig. 6B ). Similar data were also observed in Lgr4 antibody-pretreated cells (Fig.  6C) . Accordingly, VSV but not NDV-induced cell death was also diminished by the Lgr4 antibody when compared with control IgG (Fig. 6D ). Then we pretreated MDA-MB-231 cells with soluble LGR4 ECD to detect the influence of LGR4 on VSV infection in human cells. As shown in Fig. 6E , VSV infection of MDA-MB-231 cells was decreased by LGR4 ECD in a dose-dependent manner suggesting that LGR4 is also involved in VSV infection of human cells. Therefore, block- 
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ing endogenous Lgr4 could be a potential way to prevent VSV infection.
Discussion
Rhabdoviruses have a characteristic rigid bullet shape with a flat base and a round tip. Similar to other rhabdoviruses, the condensed nucleocapsid of VSV is surrounded by a lipid bilayer containing the viral glycoprotein G that constitutes the spikes that protrude from the viral surface. The envelope of VSV plays a critical role in its infectious cycle through recognizing receptors on the host cell surface and mediating the fusion between viral and cell membranes. Previous studies have suggested that LDLR, gangliosides, and gp96 are all essential for infection with VSV, but the knowledge about the host factors in VSV infection is still far from complete. In this paper, we identified the G-protein-coupled receptor Lgr4 as a VSV-specific entry factor through Lgr4 interaction with viral particles, which extended the understanding of host components involved in VSV infection. Furthermore, the soluble LGR4 ECD, Rspodin1, and LGR4 antibody could inhibit VSV infection through competition with Lgr4, showing great potential for treating vesicular stomatitis as well as influencing the targeting of VSV-based gene therapy and viral oncolytic vectors.
Lgr4 is widely expressed in multiple organs, including lung, skin, brain, bone, and immune cells. Interestingly, the reported VSV receptor LDLR is ubiquitously expressed in both liver and peripheral tissue for maintaining cholesterol homeostasis in mammals, tissues that do not seem relevant during VSV infection (40) . Our previous study showed that Lgr4 negatively regulates TLR2/4-associated pattern recog- LGR4-ECD-FLAG and VSVG-ECD-GFP for 36 h before lysis. Then the complex was immunoprecipitated by anti-FLAG-agarose followed by immunoblot analysis of VSVG-ECD-GFP and LGR4-ECD-FLAG. C, immunoblotting of VSV-G and LGR4-ECD-His after LGR4-ECD-His and associated proteins were pulled down with nickel beads. Reblotting of the membrane with anti-VSV-G mAb was performed as an input control. NDV is a negative control. D, dose-response of LGR4-ECD binding to immobilized VSVG-LV or MLV-LV by surface plasmon resonance in PBS. VSVG-LV or MLV-LV were immobilized on a CM5 sensor chip, and LGR4-ECD was passed at the indicated concentrations. MLV-LV as a negative control (NC) was shown with a concentration of 714 nM LGR4-ECD. SDS-PAGE of LGR4-ECD is shown on the right. IM, immobilize: VSVG-LV (blue), MLV-LV (red). E, dose-response of VSV binding to immobilized LGR4-ECD by surface plasmon resonance in PBS. LGR4-ECD (20 g/ml) was immobilized on a sensor chip NTA, and VSV was passed at the indicated concentrations. The kinetic constants of binding were obtained using a 1:1 Langmuir binding model via BIAevaluation software. Data are representative of at least three independent experiments. Asterisks indicate statistical significance: *, p Ͻ 0.05.
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nition and innate immunity in bacterial infection. Our study here demonstrates the function of Lgr4 as a co-receptor to promote VSV entry in viral infection, likely through direct binding of VSV-G. However, we still observed limited VSV infection of cells lacking Lgr4, clearly indicating that other viral receptors can partially substitute for the role of Lgr4 in VSV entry. Identifying and characterizing these additional viral receptors remains a key objective for further research.
The identification of key host components involved in virus infection is of significant clinical important in preventing and treating viral infectious diseases. In addition, recombinant VSV and VSV-G-pseudotyped viral vectors have been widely used for viral oncolysis, vaccination, and gene therapy. Our work suggests that the infection efficacy of such vectors can be regulated by modulating the expression of Lgr4. Interestingly, Lgr4 is highly expressed in lung, breast, and colorectal cancer cells (31, 41) . Thus, these cells might be preferred targets of VSV-Gbased gene therapy as well as VSV-G-based viral oncolysis.
Experimental procedures
Chemicals and reagents
DMEM and other cell culture reagents were purchased from Invitrogen Life Technologies. Poly(I:C) and Alexa Fluor 488labeled goat antibody to mouse IgG were obtained from Invivogen; DAPI from Sigma. Hyclone fetal bovine serum (FBS) was 
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purchased from GE Healthcare. Monoclonal anti-VSV-G (VSV surface glycoprotein) antibody clone P5D4 (catalogue number V5507), was bought from Sigma. Polyclonal anti-NDV (Newcastle disease virus) antibody was purchased from Bioye (catalogue number HK-10044R). HRP-rabbit polyclonal anti-mouse antibody conjugate (catalogue number ab6728) was purchased from Abcam, and R-spondin-1 (catalogue number 120-38) from PeproTech. Pitstop2 (catalogue number SML1169) was from Sigma.
Cells and virus
RAW 264.7, MDA-MB-231, and HEK-293T cells were obtained from the American Type Culture Collection (ATCC). Primary murine embryonic fibroblasts (MEFs) were prepared from embryos dissected from the same pregnant female at day 13.5 and were cultured in DMEM supplemented with 10% (v/v) FBS. Peritoneal macrophages were harvested from mice 4 days after thioglycollate (BD Biosciences, Sparks, MD) injection. HSV type 1 (KOS strain) was propagated on Vero (African green monkey kidney cells). NDV (which was a gift provided by Professor Jiahuai Han (Xiamen University)) was grown for 2 days at 37°C in the allantoic cavities of 9-day-old SPF embryonated chicken eggs. VSV (Indiana 1 serotype) was propagated and amplified by infection of a monolayer of BHK-21 cells for 24 h. Filtered supernatants were harvested and subjected to two rounds of centrifugation in 10% sucrose (w/v) on a sterile 1ϫ PBS cushion at 27,000 rpm for 1 h at 4°C. The pelleted virus was resuspended in sterile 1ϫ PBS and stored at Ϫ80°C. Viral titers were measured by standard plaque assay on Vero cells.
Virus infection
Cells were infected with VSV, lentivirus, A/WSN/33, NDV, or HSV-1 for the indicated times and virus RNA was analyzed by Q-PCR. For GFP-NDV infection, MEF cells were seeded into 12-well plates at a density of 2 ϫ 10 5 cells/well and allowed to grow overnight; cells were infected by GFP-NDV (1 ϫ 10 4 pfu/ ml) and GFP expression was detected by flow cytometry. Lgr4deficient mice were constructed by our laboratory (29) . All animal experiments were performed with the approval of the Scientific Investigation Board of East China Normal University (M20150401). For in vivo studies of VSV infection, age-and sex-matched groups of littermate mice were intranasally infected with VSV: mice were anesthetized with pelltobarbitalum natricum, a total of 10 l of PBS buffer containing 1 ϫ 10 6 pfu VSV was pipetted into both nostrils. Mice were sacrificed 24 h after infection.
Flow cytometry
MEF cells (50,000 cells per 1 ml of DMEM/well) in 12-well plates were incubated with NDV-GFP for 24 h, the cells were then washed three times with PBS and then NDV-GFP was determined using flow cytometry (BD FACSCalibur). Analysis was performed on a window that excluded aggregates, and 10,000 cells were measured.
Measurement of antiviral activity by crystal violet staining and MTS assay
Cells were seeded into 96-well plates at a density of 1 ϫ 10 4 per 0.1 ml/well overnight and infected with VSV for 24 h, then washed with PBS twice. For crystal violet staining, the cells were stained with crystal violet (5% (w/v) in 66% (v/v) aqueous methanol) for 2 h at room temperature and washed with PBS five times, then photographed. For MTS assays, 20 l of MTS (Promega) was added to each well and incubated for 2 h at 37°C. The absorbance was measured at a wavelength of 490 nm using a microplate reader. Cell viability of the untreated group was normalized to 100%.
Viral attachment assays
Cells were grown to ϳ90% confluence in 12-well plates. VSV diluted in cold DMEM was added onto cells at the indicated m.o.i. After incubation at 4°C for 1 h, the wells were washed three times with cold DMEM to remove unbound VSV. For all virus attachment experiments, the RNA in each well was extracted. The viral RNA of the bound virus in each sample was quantified using a quantitative real-time reverse transcription PCR (RT-PCR) protocol (TaKaRa). All experiments were done in triplicate.
Plasmid constructs and transfection
cDNA of human LGR4-ECD (Extracellular domain) and
LGR4 were cloned into pcDNA3.1-FLAG eukaryotic expression vectors. cDNA of VSVG-ECD (amino acids 17-467) was cloned into pcDNA3.1-GFP eukaryotic expression vectors. cDNA of human LGR4-ECD (amino acids 25-528) was cloned into the pMT/BiP/V5-His A plasmid for inducible, secreted expression of recombinant proteins in Drosophila Schneider2 (S2) cells. Each construct was confirmed by sequencing. Plasmids were transiently transfected into HEK293T cells and RAW 264.7 cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Protein expression and purification
His-ECD was purified from Drosophila Schneider2 (S2) cell supernatant under native conditions and purified with the nickel-nitrilotriacetic acid system. Briefly, a 1.5 ϫ 15-cm column was packed with 3 ml of nickel-chelating resin and equilibrated with 10 column volumes (40 ml) of 20 mM phosphate buffer, pH 7.8, and 500 mM NaCl. The protein solution was loaded onto the column for 60 min at 4°C. The column was washed with wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0) three times. The protein was eluted using elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, pH 8.0). Samples were dialyzed for 24 h at 4°C with continuous stirring and buffer (PBS) changes every 8 h. The dialyzed protein solution was stored at Ϫ80°C for further analyses.
Preparation of VSV-G and MLV pseudotyped lentivirus
For preparation of the EGFP expressing VSV-G pseudotyped lentivirus VSVG-LV, 293T cells were transfected by a mixture of three expression vectors (pCMV-VSV-G, psPAX2, and pLL3.7), and for MLV-LV (Moloney murine leukemia virus) preparation, a mixture of pHCMV-EcoEnv, psPAX2, and pLL3.7 vectors was used, with Lipofectamine 2000 used as a transfection reagent in both cases. Culture medium containing the resulting viral vectors was collected at 48 h and concen-Lgr4 facilitates VSV entry through VSV-G trated 50-fold by ultrafiltration on a 50-kDa cutoff membrane (Millipore). A plasmid encoding the MLV coat protein (pHCMV-EcoEnv) was purchased from Genecopoeia and was used as above instead of the VSV-G plasmid for production of MLV-pseudotyped lentivirus (MLV-LV).
Immunofluorescence assay
For olfactory bulb immunofluorescence, mice were anesthetized with pentobarbital (150 mg/kg) and blood was removed from organs by cardiac perfusion with 10 ml of PBS, followed by perfusion with 10 ml of 4% paraformaldehyde/PBS for fixation. Olfactory bulbs were placed in 4% paraformaldehyde overnight for complete fixation, then submerged in 30% sucrose/PBS overnight for cryoprotection and frozen in O.C.T. compound. 8-m sagittal sections were cut at Ϫ20°C in a Leica CM1900 cryostat. For MEF cell immunofluorescence, MEF cells were seeded on coverslips in 24-well plates at a density of 5 ϫ 10 4 cells per well for 12-16 h. Then cells were infected with VSV at an m.o.i. of 1 ϫ 10 3 for 30 min or 1 h at 4°C. For endocytosis inhibition assay, the cells were stimulated with 30 M Pitstop2 for 10 min before the VSV was added at an m.o.i. of 1000 and incubated for 6 h to internalize the attached VSV. Next, the cells were washed with PBS twice and fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. For immunofluorescence staining, olfactory bulb biopsy samples and MEF cell samples were permeabilized with 0.1% Triton X-100 in PBS for 5 min. After blocking with 5% BSA in PBS, all samples were stained with an antibody against VSV-G (1:200 dilution) at 4°C overnight, and washed with PBST three times, followed by incubation with Alexa Fluor 488-labeled goat antibody to mouse IgG (1:2,000 dilution). All objects were mounted with mounting medium (Invitrogen) containing 0.2 mg/ml of DAPI. Olfactory bulbs were examined with a Leica DRM fluorescence microscope. MEF cell confocal images were acquired using a Leica TCS SP5 confocal laser scanning microscope. We used IOD (integrated optical density) to indicate total MEF cell surface fluorescence.
Quantitative RT-PCR
Total RNA from mouse cells or tissues was extracted with TRIzol reagent (Takara) and 500 ng of RNA were used to generate cDNA using a Reverse Transcription Kit (Takara). Gene expression analysis was done using the SYBR Green PCR Master Mix (Takara) according to the manufacturer's instructions and data were normalized by the level of Gapdh or actin expression in each individual sample. The sequences of the primers used in this study for quantitative real-time RT-PCR are listed in Table 1 .
Immunoprecipitation
The transfected cells were lysed in RIPA buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and Roche Complete protease inhibitor mixture (Basel, Switzerland). The lysate was preincubated with FLAG beads after centrifugation at 12,000 ϫ g for 20 min at 4°C. The complexes captured by FLAG beads were washed three times using RIPA buffer to remove unbound proteins. To detect the binding of LGR4-ECD-His (purified from Drosophila Schneider2 (S2) cell supernatant) and VSV, LGR4-ECD-His and associated proteins were pulled down with nickel beads and incubated with VSV (1 ϫ 10 7 pfu/ ml) for 2 h at 4°C. All immunoprecipitation samples were then suspended in 2 ϫ SDS buffer and boiled for 10 min. The complex proteins were then analyzed by Western blotting, using specific antibodies (VSV-G, FLAG, GFP, and His 1:1000 dilution).
Surface plasmon resonance
To determine the binding of LGR4-ECD to immobilized VSVG-LV or MLV-LV, we used a BIAcore T200 instrument (GE Healthcare) with a CM5 sensor chip (GE Healthcare). Activation, deactivation, and preparation of the coupled flow cell as well as the ligand-binding assay were performed essentially as described previously (42) . Briefly, VSVG-LV or MLV-LV in sodium acetate buffer (3.25 ϫ 10 7 pfu/ml, pH 4.0) was immobilized on a CM5 sensor chip, and LGR4-ECD-His was passed 
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at the indicated concentrations. Experiments were conducted with PBS, pH 7.4, as the running buffer, and the analyte was injected at a flow rate of 30 l/min. The association time was 90 s and the dissociation time was 180 s, then the chip was regenerated for 30 s with glycine-HCl (pH 1.5, 10 mM). Equilibration of the chip with the running buffer for another 60 s was performed before the next injection. For surface plasmon resonance analysis of VSV binding to immobilized LGR4-ECD-His,
LGR4-ECD-His (20 g/ml) was immobilized on a sensor chip of NTA (nitrilotriacetic acid) by a His-tag capturing procedure. VSV (molecular mass 2.66 ϫ 10 8 Da) was suspended at 1 ϫ 10 7 to 2 ϫ 10 8 pfu/ml in PBS and passed over the immobilized LGR4-ECD-His in the sensor chip with single injection kinetics method. The kinetic constants of binding were obtained using a 1:1 Langmuir binding model via a BIAevaluation software program.
Competition assays
For the ECD competition assay: MEF cells or MDA-MB-231 cells (1 ϫ 10 5 cells per 1 ml of DMEM/well) in 12-well plates were cooled to 4°C. LGR4-ECD (2, 20, and 200 g/ml) was preincubated with VSV or NDV (m.o.i. ϭ 10) at 4°C for 4 h, then the mixed incubation liquid was used to infect cells for 1 h at 4°C. Total RNA was isolated and Q-PCR was performed to quantitate VSV or NDV RNA. For the R-spondin-1 competition assay: MEF cells were incubated with R-spondin-1 (200 ng, 500 ng/ml) at 37°C for 1 h and then infected by VSV or NDV (m.o.i. ϭ 10) at 4°C for 1 h. The cells were then washed three times with cold PBS and total RNA was isolated and Q-PCR performed to quantitate VSV or NDV RNA. For the anti-Lgr4 antiserum blocking assay: MEF cells were preincubated with anti-Lgr4 antiserum or control antiserum at 37°C for 1 h then subjected to VSV or NDV infection at indicated m.o.i. and time.
Cell-based ELISA
Cells were grown to ϳ80% confluence in a 96-well plate, then VSV was applied to infect cells. After 1 h at 4°C the cells were washed three times with cold PBS and then fixed and permeabilized in the wells. Primary antibodies to VSV-G were then added at 1:200 dilution to bind to VSV on the cell surface. After incubation, the unbound primary antibodies were removed by washing with PBST and HRP-labeled secondary antibodies were added. After removing unbound secondary Ab, TMB reaction buffer was added for the colorimetric assays and the signal was read at OD450 nm.
Ethics statement
All animal experiments conformed to the regulations drafted by the Association for Assessment and Accreditation of Laboratory Animal Care in Shanghai and in direct accordance with the Ministry of Science and Technology of the People's Republic of China Animal Care guidelines. The protocol was approved by the East China Normal University Center for Animal Research (AR2013/08002). All surgeries were performed under anesthesia and all efforts were made to minimize suffering.
Statistical analysis
Statistical significance between groups was determined by two-tailed Student's t test and two-way analysis of variance test. Differences were considered to be significant when p Ͻ 0.05. 
